The Ca 2+ selective channel ORAI1 and endoplasmic reticulum (ER)-resident STIM proteins form the core of the channel complex mediating store operated Ca 2+ entry (SOCE). Using liquid phase electron microscopy (LPEM) the distribution of ORAI1 proteins was examined at rest and after SOCE-activation at nanoscale resolution. The analysis of over seven hundred thousand of ORAI1 positions showed that already at rest, a majority of the ORAI1 channels formed STIM-independent distinct supra-molecular clusters. Upon SOCE activation and in the presence of STIM proteins, ORAI1 assembled in micron-sized two-dimensional (2D) structures, such as the known punctae at the ER plasma membrane contact zones, but also in divergent structures such as strands, and ring-like shapes. Our results thus question the hypothesis that stochastically migrating single ORAI1 channels are trapped at regions containing activated STIM, and we propose instead that supra-molecular ORAI1 clusters fulfill an amplifying function for creating dense ORAI1 accumulations upon SOCEactivation.
INTRODUCTION
The molecular processes preceding and optimizing the activation of store-operated calcium entry (SOCE) are difficult to study because they require single molecule resolution, while at the same time, the interaction of a multiple of proteins needs to be examined (1, 2) . After several early reports supported tetrameric ORAI1 conformations (3) (4) (5) the current view is that ORAI1 proteins assemble as a hexameric channel complex at rest (6, 7) , and that these hexameric protein complexes are randomly distributed throughout the plasma membrane.
Upon Ca 2+ store depletion, STIM proteins redistribute in the endoplasmic reticulum (ER) membrane towards the cytosolic side of ER plasma membrane contact zones, where typical, dense STIM1 accumulations, so-called punctae are formed (8, 9) . In these junctional areas between ER and plasma membrane, STIM1 proteins approach the plasma membrane on the cytoplasmic side where they interact with ORAI1, resulting in a conformational change that opens the ORAI1 channels. Yet, how the ORAI1 channels translocate to these regions and get trapped there is not fully understood. It is assumed that single ORAI1 channels randomly diffuse by Brownian motion within the plasma membrane, until they arrive at sites of activated STIM1, so-called punctae (2) . Here, ORAI1 binds to STIM1, leading to an accumulation of ORAI1 in the plasma membrane, above the STIM punctae, thus mirroring the distribution pattern of the punctae but then at the cell exterior, accompanied by activation of the Ca 2+ channels, resulting in a local Ca 2+ influx (2) . But possibly different mechanisms play a role, for example, the additional insertion of ORAI1 from intracellular stores into the regions of punctae (10) , or the organization of the ORAI1 Ca 2+ into larger structures in the plasma membrane than single channels.
By using a new microscopy method to study membrane proteins within intact cells, socalled liquid phase electron microscopy (LPEM), we set out to examine the spatial distribution of ORAI1 in the plasma membrane at rest and upon SOCE-activation. Our aim -3 -was to test the hypothesis that diffusing single ORAI1 channels are trapped by activated STIM1 in regions of punctae. For this purpose, ORAI1 proteins with a human influenza (HA) tag located in the extracellular loop between transmembrane regions (TM) 3 and 4, were expressed in HEK cells, and labeled with quantum dots providing both a fluorescence label for light microscopy, and a nanoparticle label for detection with electron microscopy (11, 12) . Figure 1a depicts the dimensions of an ORAI1 hexamer (6) in a hypothetical arrangement of three QD labels bound to the same ORAI1 hexamer. Due to the flexibility of the linker, the center-to-center distance between both QDs may vary between 20 and 40 nm. Spatial patterns of individual QD labels on whole cells were imaged under resting conditions, and after two levels of SOCE-activation by thapsigargin (Tg), a small, plasma membrane permeable toxin that non-competitively, and irreversibly inhibits the sarco/endoplasmic reticulum Ca 2+ ATPase (SERCA). The prevention of Ca 2+ entry into the ER transiently increases cytosolic Ca 2+ levels, and thereby leads to accumulation unfolding, and activation of STIM proteins. The spatial distributions of the labeled ORAI1 proteins were subsequently analyzed with nanometer spatial resolution.
RESULTS

Preparation of cells with labeled ORAI1
For the examination of the two-dimensional plasma membrane distribution of ORAI1 using LPEM, a HEK cell line was used pre-selected for a low background level of endogenous ORAI1. Details on this cell line, named CRI1, are described elsewhere (11) . These cells contain minimal residual levels of ORAI1 and 2, and low endogenous levels of ORAI3 but effects of those proteins are negligible (11) . For experiments with ORAI1 at rest, the cells were transfected with HA-tagged ORAI1. Cells were grown on microchips, as needed for LPEM (13) , and chemically fixed prior to ORAI1 labeling with QD nanoparticle labels (12) .
-4 -Figure 1b displays a typical light microscopy (LM) image from these cells in which several cells expressed ORAI1, which is visible from the fluorescence of green fluorescent protein (GFP) co-expressed in a 1:1 molar ratio. The GFP expressing cells also bind the QD labels thus verifying the specificity of the HA-ORAI1 tag (Figure 1c ). Under resting conditions, ORAI1 remained mostly homogenously distributed throughout the plasma membrane.
To study the effect of SOCE-activation, the same cell line was used but here ORAI1-HA was co-expressed with STIM1 in a 1:3 ratio, and the cells were incubated for 15 min with 1 μ M Tg at 37 °C for activation. The 1:3 ratio is known to be optimal for activation of the ORAI channels (14) , and was achieved by transfected the expressing plasmids in this ratio (15) . To examine the effects of a relative lack of STIM proteins, a third experimental group was also prepared in which ORAI1 and STIM1 were expressed in a 1:1 ratio, thus achieving a sub-maximal SOCE-activation after Tg incubation.
Control experiments were performed with another HEK cell line, lacking endogenous STIM to exclude that endogenous, pre-activated STIM2 had an influence on the distribution of ORAI1 (16) (see Supplementary Results). A second series of control experiments were performed to examine possible influence of (residual) endogenous levels of ORAI1-3 proteins on the observed ORAI1 spatial distribution (see Supplementary Results). Thirdly, to ensure that the observed effects involved with SOCE activation were not specific to or an artifact of Tg incubation, incubation with cyclopiazonic acid (CPA) was tested as well, which is a reversible SOCE activator that inhibits the SERCA (see Supplementary Results).
LPEM revealed ORAI1 clusters with supra-molecular dimensions
LPEM experiments of whole cells were carried out to map the positions of individual ORAI1
proteins. Using the QD fluorescence intensities of the LM images ( Figure 1c ), cells were selected for analysis with STEM. In each experiment, cells from three groups were selected, -5 -exhibiting low-, medium, or high ORAI1 expression. Note that the average expression level differed between experiments, and, therefore, the relative expression levels in an experiment were used to define the three groups. STEM images revealing the positions of QD-labeled ORAI1 proteins were thus recorded from dozens of cells, yielding several hundred thousand of single ORAI1 positions (see Table 1 ). Figure 2a depicts the typical ORAI1 distribution in a resting cell; shown is the original STEM image with an overlay of automatically detected QD labels.
It appeared by eye that the ORAI1 distribution was not random, but showed clustering in groups of less than ten labels. To enhance the visibility of ORAI distribution patterns, QDpositions were marked by dots of 17 nm diameter (representing the overall QD size including organic coating). Examples of the observed small clusters are shown in Figure 2b -e. A possible origin of these small clusters is the attachment of multiple QDs to ORAI1 tetramers or hexamers forming a channel, which would result in a cluster of a diameter of ~40 nm (see Figure 1a ). However, most clusters were larger than 40 nm, and can thus not have originated from single ORAI1 channels but must have originated from clustered channels. It can be reasonably assumed that the clusters larger than 40 nm did not originate from labeled ORAI1 channels that disassembled after labeling, because the proteins were chemically fixed.
Moreover, a number of clusters contained more than 6 labels. Many of these clusters had an Results), and so it can be concluded that the clusters were formed by a biological interaction occurring at the plasma membrane.
SOCE activation partially relocates ORAI1 into distinct accumulation areas
After maximal SOCE-activation, typical bright ORAI1 punctae were seen in the LM images ( Figure 3a ). LPEM revealed that ORAI1 accumulated in oval areas, presumably the ER plasma membrane contact zones, as shown in the STEM image in Figure 3b . ORAI1 distributions in the punctae were crowded, but it was still possible to regionally recognize chain-like arrangements, suggesting that the dense ORAI1 accumulation areas also included supra-molecular ORAI1 clusters ( Figure 3c ). Outside the punctae, a similar spatial distribution of ORAI1 was found as in the resting cells containing small clusters of labels including chain-like ORAI1 arrangements (Figure 3b and d). The average distance of 22 ±6 nm between labels was equal to the measured value in resting cells (Figure 2f ), a similar match was found for the chain length amounting to 84 ±27 nm in activated cells ( Figure 2g ).
Occasionally, STEM images revealed much longer chains as described below. The activationinduced ORAI1 accumulations in punctae had diameters of 1.3 ± 0.5 μ m for the long axis, 0.7 ± 0.2 μ m for the short axis, an aspect ratio of 2.0 ± 0.6, and the average covered area amounted to 0.9 ± 0.5 µm 2 as directly measured from STEM images ( Figure 3e ). These values confirmed the dimensions of ER plasma membrane contact zones determined with photoactivated localization microscopy (PALM) from a fluorescent, junctional marker protein (17) . Similar ORAI1 punctae were also found after SOCE-activation with CPA, although with smaller dimensions (see Supplementary Results ).
We wondered if the accumulations of ORAI1 was obtained by additional protein insertion from intracellular stores into the regions of punctae (10) or rather via relocation of ORAI1 from the surrounding plasma membrane. Insertion of additional protein does not seem likely since the average surface density of ORAI1 was similar between resting-and activated -7 -cells (see Table 1 ). Furthermore, whereas the average density of labels inside regions of punctae had increased by 450%, from 155/µm 2 at rest to 694/µm 2 inside the punctae, the average label density outside punctae had dropped by 10% to 139/µm 2 . Although the area occupied by punctae amounted only to 4% of the total imaged area in all analyzed plasma membrane regions of maximally activated cells, these regions contained 18% of all detected labels, revealing that 13% of the total ORAI1 proteins had redistributed into the regions of punctae.
ORAI1 patterns under limiting STIM conditions
After sub-maximal SOCE-activation due to insufficient STIM1 abundance, by using a 1:1 coexpression ratio with ORAI1, a somewhat different clustering pattern of ORAI1 emerged compared to the maximal SOCE activation. Accumulated ORAI1 appeared in larger, irregularly shaped, and more diffuse patches ( Figure 4a ). In the STEM images, the borders of ORAI1 accumulation areas emerged less defined than in maximally activated cells ( Figure 4b and d), and the label crowding was less dense (Figure 4c and e). As for the resting cells and the maximally activated cells, supra-molecular ORAI1 clusters in the sub-maximally activated cells were found outside and inside the accumulation areas. Sometimes, only small groups of two or three chain-like ORAI1 clusters had aligned in a parallel manner ( Figure 4e )
(additional examples of STEM images from sub-maximally activated cells can be found in the Supplementary Results).
Punctae are not the only type of structures in activated cells
Besides the typical ellipsoid ORAI1 punctae found after SOCE-activation several other twodimensional (2D) structures were found as well in the plasma membrane. Figure 5a shows examples of micron-long, parallel running ORAI1 formations (indicated with transparent red lines). These ORAI1 strand-like patterns meandered in regions corresponding to areas with a -8 -brighter background than the surrounding. Since the contrast in STEM increases with mass, the white shapes represent thickened cellular regions. In addition, four oval ORAI1 punctae were present (outlined with dashed lines). Figure 5b , recorded from a cell with a low ORAI1 expression, also showed several micron-long strands running in parallel, thus ruling out that these 2D-structures were an artifact of highly overexpressed ORAI1. Such ORAI1 strands were found in 27% of the recorded STEM images from maximally SOCE-activated cells.
Figure 5c
, shows examples of ORAI1 punctae differing from the typical ones by their ringlike structures; the largest ring-structure had densely accumulated strands of ORAI1 in its center. These peculiar 2D-structures must have been created by an underlying mechanism elicited by SOCE-activation, and were also found in experiments using CPA induction of
SOCE-activation (see Supplementary Results
).
DISCUSSION
Our study aimed to elucidate how the spatial organization of ORAI1 proteins in the plasma membrane changes upon Ca 2+ channel activation. We have used an HA-tagged ORAI1 protein in combination with a two-step QD labeling approach, resulting in a label:target ratio of <1, thereby excluding any artificial clustering effect of the labels (11) . The proteins were detected in the intact and hydrated cell, using correlative light microscopy and LPEM, yielding the position information of several hundred thousand of single-labeled ORAI1 proteins; this method has a spatial resolution of ~2 nm (18) .
In resting cells, we discovered that ORAI1 often assembled in chain-like structures extending up to 150 nm, ORAI1 proteins thus generally tend to form supra-molecular arrangements, consisting of at least 2 and up to probably 4 connected channels. The existence of these ORAI1 conformations contradicts the assumption that ORAI1 channels predominantly exist as independent, freely moving entities, randomly distributed in the -9 -plasma membrane (15, 19) . Upon SOCE-activation, the ORAI1 clusters appear to have been trapped and dragged into the punctae containing densely agglomerated ORAI1. Measurements of ORAI1 densities inside versus outside punctae revealed on average a 4.5-fold increase, achieved by the redistribution of ~13% of all plasma membrane-bound ORAI1.
An earlier study used the method of freeze-fracture electron microscopy of overexpressed ORAI1, and found micron-sized patches with ragged edges in the plasma membrane for cells at rest that assumed these were accumulations of ORAI1 channels. They suggested that single channels were freely moving within these patches (19) . On the contrary, results obtained with another method based on measuring ORAI1's diffusion coefficient indicated that most ORAI1 proteins were not freely diffusing, which could be explained by the existence of differently sized molecular assemblies (2, 20) , a finding which fits to the variability of ORAI1 cluster sizes found in the STEM images. The freeze-fracture method did confirm the presence of puncta but the observations did not include strand-like 2D structures after Tg-activation, possibly due to the difficulty of discerning such patterns amongst the other neighboring proteins in the crowded environment of the plasma membrane without using labels.
A possible function of clustering of ORAI1 in supramolecular arrangements could be a more efficient concentration process of ORAI1 Ca 2+ channels in punctae upon SOCE activation compared to a mechanism via the collection of single channels. The capturing and dragging of only one ORAI1 protein belonging to a supramolecular cluster will drag all the others with it, until the whole cluster reaches the ER plasma membrane contact zone. A confluent filling of the plasma membrane areas located above the accumulated STIM in the ER plasma membrane contact zones, by supra-molecular ORAI1 clusters, instead of single ORAI1 channels, would not only be faster, but would also help in achieving a more homogenous filling, avoiding a jamming of ORAI1 channels at the periphery of the punctae, receptors, respectively (22) .
It is not known if a linking protein, responsible for the organization of supra-molecular ORAI1 clusters, exists. STIM proteins fulfill such an ORAI1 binding function and concomitant to binding activate ORAI1 channels in the punctae. But, outside these regions and at rest, clustering of ORAI1 due to STIM is excluded, as was confirmed by control experiments (see Supplementary Results) .
In conclusion, we found that most ORAI1 channels were organized in small clusters of supra-molecular size ranging from 50 -150 nm in size, often arranged into a chain. After -11 -SOCE-activation, 13% of ORAI1 reorganized into regions (punctae) of high surface density of oval shape. In addition, a variety of other 2D structures appeared, most of them micronlong strands, and also ring-like patterns. We propose that the supra-molecular ORAI clusters serve an amplifying function for SOCE-activation, by reducing the required number of directly trapped ORAI1 proteins for subsequent accumulation in punctae, as needed for efficient activation by STIM1 proteins in order to induce Ca 2+ influx.
METHODS
Materials
Fetal bovine serum, 2-mercaptoethanol (ME), thapsigargin (Tg), cyclopiazonic acid (CPA), and sodium azide, were either from Fisher Scientific or Sigma Aldrich. ScreenFect®A HEK293 cells were obtained from ATCC and genetically modified using CRISPR/Cas9mediated gene deletion of endogenous ORAI1-2 genes (named HEK CRI1), or ORAI1-3 genes (named HEK_CRI2, which were used for controls shown in the Supplementary Results), as described in (11) . A HEK cells line lacking endogenous STIM proteins (HEK_STIM) (23) was obtained from was obtained from Donald L. Gill (23) . An ORAI1 construct with an extracellular, nine amino acid HA-tag within the second extracellular loop of ORAI1, was used for labeling the protein with a QD (24) . The DNA construct contained also DNA encoding green fluorescent protein (GFP) but separated by a cleavable peptide sequence (P2A) thus guaranteeing the same expression ratio (12, 25) .The ORAI1-GFP DNA construct was transiently expressed in the HEK cells using ScreenFect®A as described in (11) .
Preparation of microchips with transfected HEK cells
CELLVIEW dishes and microchips with thin SiN windows were used as a support for HEK CRI1 cells. Preparation of new microchips was performed as described previously (26) 
Labeling of overexpressed ORAI1-HA at rest or after activation
A two-step labeling protocol (12, 26) was applied using a biotinylated anti-HA Fab, followed by labeling with QD, as previously described (11) . After transfection, the samples were rinsed with supplemented cell medium pre-warmed to 37°C. For experiments examining unstimulated ORAI1 distribution, the samples were rinsed in pre-warmed 0.1 M cacodyl buffer containing 0.1 M sucrose, pH 7.4 (CB), and incubated in 3% formaldehyde/0.2% glutaraldehyde in CB for 10 minutes at room temperature, thereby assuring fast and strong immobilization of membrane proteins (27, 28) . For the examination of activated ORAI, cells were first rinsed twice with pre-warmed medium (MEM, suppl. with 10% FCS and 50 μ M ME), then incubated with 1 μ M Tg, or 30 μ M CPA (both in supplemented medium), for 15 min at 37 °C (in the CO2 incubator). The activated cells were rinsed once with pre-warmed medium, and once with pre-warmed CB, followed by fixation as described above. Fixation was terminated by rinsing once with CB, three times with PBS, 2 min of incubation in GLY-PBS (0.1% glycine in PBS) for 2 minutes, followed by a rinse in PBS. The cells were then After three times rinsing in PBS, cells were incubated in the streptavidin-QD labeling solutions for 12 minutes at room temperature. Since no unspecific binding occurred without addition of BSA, it was omitted in the processing steps before the QD-incubation. After the QD incubation, the cells were rinsed four times with hBSA-PBS before fluorescence microscopy was performed.
Fluorescence Microscopy
After QD incubation and before the second fixation step, cells on microchips were imaged with an inverted fluorescence microscope (DMI6000B Leica, Germany) in a pristine, 35 mm cell culture glass-bottom dish filled with 2 mL hBSA-PBS. 20x and 40x objectives were used together with filter cubes for direct interference contrast (DIC), or fluorescence filters specific for QD (filter cube A) absorption and emission wavelengths. The imaging settings for each fluorescence signal were kept identical between different samples to allow for quantification.
Processing of samples for LPEM
To stabilize the cells on the microchips for electron microscopy, the aforementioned samples were further fixed with 2% glutaraldehyde in CB for 10 minutes at room temperature. After one rinse with CB, and three rinses with hBSA-PBS, they were stored in hBSA-PBS supplemented with 0.02% sodium azide, at 4°C until liquid-phase STEM, usually performed within 1-3 weeks. To keep the ORAI channels in their almost native environment, as provided by the imaging of hydrated, intact cells, the microchip samples were covered with graphene. Multi-layer (3 to 5 layers) graphene on polymer was cleaned and transferred onto the sample as described previously (18, 29) . For the coating of a microchip sample, a graphene sheet of approximately the size of a microchip was detached from its supporting NaCl crystal through immersion in a beaker filled with HPLC-grade water, placed under a binocular. The (wet) microchip was grabbed with a pair of fine-tipped tweezers, rinsed twice -15 -with pure water, and immersed in the liquid below the floating graphene. The graphene was then carefully scooped up by slowly drawing the microchip up and out of the water. The tweezers tips, still holding the microchip with the on top swimming graphene sheet, were fixed with a small rubber O-ring, and the other tweezer end was clamped into a small stand, so that the microchip hang free in the air. After a few minutes dry time the water on the graphene had evaporated and the graphene was directly adhering to the underlying, still hydrated cells, a detailed description of this step can be found elsewhere (18) .
LPEM of QD-labeled whole cells
To observe the individual QD-labeled ORAI1-HA positions, the graphene-coated samples were imaged in a transmission electron microscope (ARM 200, JEOL, Japan), with STEM dark field mode (18) . The following settings were used: electron energy of 200 kV, and 175 pA probe current. For orientation purpose, the imaging session started with the recording of two to three overview STEM images, covering the entire SiN-window area. These low magnification images were directly compared to the previously recorded fluorescence-and DIC images and served to navigate to selected, representative cells chosen for highmagnification imaging. Several images from selected QD-labeled cells were recorded from randomly chosen plasma membrane regions. Note that central areas in the thickest, nucleus containing part of the cells were excluded. Images were recorded with magnifications of mostly 60.000× (occasionally, other magnifications ranging between 40,000 and 100,000×
were applied), resulting in a pixel size of 1.7 nm. The image size of the 16-bit images was 2048 × 2048 pixels, comprising a scanning area of 11.7 µm² per 60.000× magnified image.
The used pixel dwell-times ranged between 10 and 14 µs. The calculated electron doses was maximal 53 e -/Å 2 , much lower than the known limit of radiation damage for these samples (30) .
Particle detection
In order to obtain the lateral coordinates of the QD labels, all STEM images were first visually screened for infrequently occurring contaminants on the graphene (remnants of the production process) with dimensions and contrast characteristics sometimes hampering the automated label detection. In such cases, ImageJ (version 1.52a, NIH) was used to manually blank the respective contaminant in the image by covering them with a fitting shape, filled with the grey value of the surrounding background. QD labels were detected and localized by applying a dedicated Plugin of local design in ImageJ described elsewhere (31) . The main processing steps consisted of a Fourier filter for spatial frequencies between a factor of 3 smaller and a factor of 3 higher than the set size (8 nm), and a binarization with an automated threshold with a maximum entropy setting. The particles were automatically detected using the "Find Particles" tool, with a precision corresponding to the pixel size of 1.6 nm.
For a better visual perception of the arrangement of labeled ORAI in selected images, we implemented another PlugIn of local design. This was related to the fact that only the core of the QDs created sufficient STEM contrast, but not the shell, the polymer layer and the conjugated streptavidin. QD655 exhibited a bullet-shaped core of dimensions of 7 x 12 nm 2 , and the thickness of the surrounding layer amounted to ~6 nm (11) . Improved visual pattern recognition of the arranged labels was achieved by using the x-y center position data form the detected labels in a STEM image, and drawing black circles with the actual total diameter of the detected QD type, on a blank image background of the same dimensions as the STEM image.
The x-y center position data form the detected labels in all analyzed images were further analyzed statistically with the g(r) function, which yields the probability of finding the center of a particle at a given distance from the center of any other particle. The pair -17 -correlation function can return information if the particles are distributed by chance or if preferred particle distances occurred with frequencies deviating from randomness.
Analysis of supra-molecular ORAI1 arrangements and punctae
For the analysis of linear ORAI1 arrangements, 6 representative STEM images from 5 cells under resting conditions, and 7 images from 6 cells after maximal SOCE-activation, were visually inspected, and all detectable label chains consisting of at least 4 linearly aligned labels were analyzed with the "Measure" tool of ImageJ. All interval lengths between the labels, and the straight end-to-end distances of the detected chains were determined. In activated cells only chains found outside ORAI1-accumulations were measured.
For the analysis of ORAI1 distribution in punctae all recorded images from all maximally SOCE-activated cells were visually inspected in order to identify images displaying punctae. These punctae were defined as regions of locally accumulated labeled ORAI1 with at least 2-times higher label densities than in the surrounding regions, limited by a visually identifiable border towards the surrounding regions of lower ORAI1 density.
Accumulated ORAI1 areas of strand-or ring-like shapes were excluded from the analysis, due to the difficulty of defining their borders. Images containing punctae covered 58% of the total number of images of plasma membrane areas from the group of maximally SOCE activated cells. Punctae areas were manually marked in the images as regions of interest (ROI) using the "Freehand selection" tool in ImageJ, and their area size was determined with the "Measure" tool. Thereafter, the labels inside the ROIs were blanked, by filling the ROIs with background color, and the remaining number of labels in the regions outside the ROIs was again determined using the "Find particles" tool, similarly as done previously for all recorded images (as explained in the previous paragraph). The difference between the number of particles detected outside the ROI and the total number of particles in the respective image yielded the number of particles within the ROI. 
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